Effect of grass cover on water and pesticides transport through undisturbed soil 1 columns, comparison with field study (Morcille watershed, Beaujolais) 2 3
1

Introduction 2 3
As a result of numerous sources of pollution, including the use of agricultural pesticides, 4 drinking waters resources are becoming increasingly scarce and a crucial issue for developed 5 countries. It is critical that solutions are proposed to better protect water quality, in particular 6 that of surface waters, which are generally the most contaminated and also the most sensitive 7 to contamination (IFEN, 2006) . Viticulture is an important agricultural sector in France, and a 8 great consumer of pesticides to control disease, insect damage and weed competition in the 9 vineyards. Consequently, many recent studies have reported the presence of pesticide residues 10 in surface-or ground waters near several vineyards at concentrations higher than the 11
European regulatory limit of 0.1 µg L -1 for drinking water (ECC, 1998) , and the European 12 Quality Standards defined for some pesticides in the European Water Framework Directive 13 as, for example, in France (Lennartz et al., 1997; Louchart et al., 2004) and in Spain 14 (Bermudez-Couso et al. 2007 ). Consequently, agricultural institutions advise wine producers 15 to use alternative practices to chemical weeding and to reduce pesticide transfer by adopting 16 management practices such as grass covered inter-rows or buffer zones. 17
Numerous studies have shown that the grass cover reduces erosion and runoff due to 18 sediment deposition and increases water infiltration within the vegetated zone (Dillaha et al. 19 1989; VanDijk et al., 1996) . More recent works have been concerned with the use of these 20 buffer zones to limit surface water contamination by pesticides. A number of authors have 21
reported that the amount of pesticide in the runoff from vegetated buffer zones is lower than 22 the amount entering the zone (Patty et al., 1997; Schmitt et al., 1999; Watanabe et al., 2001) . 23
The effectiveness of the vegetated buffer zones at reducing the amounts of pesticide in the 24 runoff may be explained by the processes of retention and/or infiltration within the zone 25
Author-produced version of the article published in Environmental Pollution, n° 158, p. 2446-2453. The original publication is available at http://www.sciencedirect. com/ doi: 10.1016/j.envpol.2010.03.028 Grande, France) with > 99% certified purity. The main physico-chemical properties of the 1 pesticides are listed in Table 1 2 ) on a 25% slope laid out on a vegetated buffer zone, located between a chemically-treated 10 hillside vineyard and the Morcille stream. For the field experiment, soil water content was 11 monitored through the buffer strip using humidimeters and tensiometers, and pesticide 12 concentrations and fluxes were measured in soil water collected using lysimeters (Jordan, 13 1968; Boivin et al., 2007; ) . These lysimeters correspond to water percolation sampler 14 consisting of two similar and joint horizontal stainless steel plates (0.25 x 0.25 cm 2 ) making 15 the gravimetric soil water flow converging into underlying glass bottles by means of a Teflon 16 capillary tube. The plates were placed at 50 cm depth under the soil surface taking care not to 17 disturb the underlying soil owing to a lateral slice in the ground which was filled after the 18 installation. A set of two other capillary tubes permitted to set the system at the atmospheric 19 pressure and to transfer the percolated water from the buried bottles to the surface for 20 measurements (water volumes and solute concentrations). In the field experiment, pesticide 21 leaching was monitored only in the buffer zone; then the chemically-treated soil and a 22 complementary site in the same vineyard consisted of a grass-covered inter-row plot allowed 23 to collect soil columns. No runoff occurred on this buffer strips that means that all the 24 entering water flow infiltrated into the soil. The soil is a sandy loam (arenic cambisol, FAO, 25
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Water inflows and experimental set-up 1 2
Same artificial inflows (simulating vineyard runoff events) were replicated at three 3 different times (T 0 , T 14 and T 28 days, respectively) on the soil surface for laboratory and 4 outdoor columns. The first water inflow (T 0 ) contained a homogeneous mixture of 5 mg L -1 5 bromide and 100 µg L -1 diuron, procymidone or tebuconazole, simulating contaminated 6 runoff after a rainfall event. Bromide was added as a tracer of water transfer. Input 7 concentrations were selected based on previous work on contaminated runoff from vineyard 8 (Louchart et al., 2001 ) and local references (Lacas, 2005) . A 3.6 L volume of solution was 9 applied onto the surface of each column (176.6 cm 2 ), which is equivalent to the 4800 L water 10 volume applied to the experimental vegetated buffer zone (25.2 m 2 ) in the field experiment 11 monitored by Boivin et al (2007) . This simulated runoff corresponds to a < 2-yr rain event 12
frequency (Lacas, 2005) . The bromide-pesticide solution was applied onto the top of each 13 laboratory or outdoor soil column at a constant flow rate of 10.2 cm h -1 using a peristaltic 14 pump. This rate is lower than that used in the study by Boivin et al. 2007 (28 cm h -1 ), but it is 15 within a realistic range; indeed, Lacas (2005) reported a slightly higher field saturation 16 hydraulic conductivity of 12.5 cm h -1 at 15 cm depth. Two additional water inflows, 17 consisting only of 3.6 L of water, were applied to the columns fourteen (T 14 ) and twenty eight 18 days (T 28 ) after the pesticide application in order to assess potential pesticide release from the 19 soil. Each inflow lasted 3 hours in average, except for the grass-covered inter-row soil (26h). 20
During the laboratory experiment, the soil water saturation was 55% ± 4% for the bare soil and, 21 64% ± 6% for the buffer zone soil. The laboratory soil columns were maintained at 20°C ± 22 2°C, whereas the mean outdoor temperature was 12°C during the monitored period from the 23
Leachate collection and analyses 1 2
Laboratory and outdoor column effluent was collected at 6-min intervals in 250-mL 3 glass bottles. Leachate volumes were determined gravimetrically. Each leachate sample from 4 the first water inflow (T 0 ) was kept for analysis. When collecting effluent from the second 5 (T 14 ) and third (T 28 ) water inflow events, three consecutive samples were mixed; so that, 6 column effluent was essentially collected at 18-min intervals. Pesticide residues contained in 7 the leachates were concentrated by solid-phase extraction with a LC-18 bonded silica 8 cartridge (3 mL, Supelclean, Supelco) for water-sample volumes <100 mL or with an LC-18 9 bonded silica cartridge (12 mL, Supelclean, Supelco) for water-sample volumes >100 mL. 10
The cartridges were pre-conditioned with similar volumes of acetonitrile then distilled water, 11 2 x 1 mL for the 3 mL cartridge, and 2 x 2.5 mL for the 12 mL cartridge. The pesticide 12 residues adsorbed by the 12 mL LC-18 cartridges were eluted using 2 x 2 mL of acetonitrile 13 (2 x 1 mL for the 3 mL cartridge), and evaporated to dryness in a rotary evaporator at 30°C. 14 The residues were then dissolved in 5 mL of methanol (2 mL for the 3 mL cartridge) and 15 stored at -18°C prior to analysis. Respective mean recovery rates for 3 mL and 12 At the end of the monitoring period, the gravimetric soil water content was measured. 9
Then the soil columns were weighed and dried at 105°C for 24 hours before reweighing. For 10 the outdoor soil columns, the mean porosities were 0.37 ± 0.02 cm 3 cm -3 for the bare soil (0.41 ± 11 0.04 cm 3 cm -3 for laboratory columns), 0.46 ± 0.05 cm 3 cm -3 for the buffer zone soil (0.37 ± 0.02 12 cm 3 cm -3 for laboratory columns), and 0.28 ± 0.06 cm 3 cm -3 for the grass covered inter-row soil. 13
The soil columns were then divided into 5 horizontal sections (0-2.5 cm; 2.5-5 cm, 5-10 cm; 14 10-15 cm; 15-20 cm), air-dried, weighed, and sieved to < 2 mm. The > 2 mm fractions were 15 weighed as the coarse fraction. The < 2 mm fractions were characterized by determinations of 16 texture (NFX 31-107), pH (NF ISO 10390), and total organic C (NF ISO 10694) at INRA-17 Arras, France. The main properties of the two soils studied are presented in Table 2 . The 18 surface soils from the buffer zone and the grass covered inter-rows contained more organic 19 carbon (4.0 and 3.9%, respectively) than the bare vineyard soil (0.8%) ( Table 2) 
Sorption isotherms of diuron, tebuconazole and procymidone 17 18
For all three pesticides, the sorption coefficients are higher in the soil from the buffer 19
and the bare soil (K d = 2.2-10.5 L kg -1 ) ( Fig.1, table 3 ). These results may be explained by the 21 higher organic carbon contents in the 0-5 cm depth soil of the buffer zone and grass-covered 22 inter-rows (3.8% and 2.7%, respectively) than in the same depth of the bare soil (0.8%) 23 (Table 2) . However, based on their organic carbon sorption coefficients and, considering that 24 interaction with mineral fraction may be neglected, the organic matter in the bare and the 25 (2005) with 7 bare soil from the 0-20 cm depth (K d = 4.6 L kg -1 ) and buffer zone soil from the 0-5 cm depth 8
Water infiltration and bromide elution under laboratory conditions 11 12
Water flow was relatively homogeneous between the triplicates of each soil treatment, 13 and the eluted water flow rates were quite similar and constant for both the bare (83.0 ± 3.0 14 mm h -1 ) and the buffer zone (80.0 ± 0.3 mm h -1 ) soils throughout the three flow events. 15
However, the buffer zone flow was slightly lower than the saturation hydraulic conductivity 16 of 125 mm h -1 at 15 cm depth reported by Lacas (2005) . After the three water inflow events, 17 we found that bromide was eluted in greater amounts in the leachates of the bare soil (74.0 ± 18 1.0%) than in those of the buffer zone soil (59.9 ± 1.2 %; Table 4) Author-produced version of the article published in Environmental Pollution, n° 158, p. 2446-2453. The original publication is available at http://www.sciencedirect.com/ doi: 10.1016/j.envpol.2010.03.028
Pesticides elution under laboratory conditions 1 2
The quantities of pesticide leached at the end of the three simulations were greater in the 3 bare soil leachates (8.0% to 55.1% of applied) than in those of the buffer zone soil (6.7% to 4 24.3%) (Table 4) (Table 3) . Our results are in contradiction with those of Belden and Coats (2004) that 7 showed that the presence of grass did not modify the total amount of herbicide that leached 8 through soil columns. For both soils, the amounts of pesticides recovered in the leachates 9 varied somewhat between triplicates of a given soil despite having similar pore volumes, 10 coarse fraction contents and bromide recoveries (Table 2, 4). 11
Diuron metabolites (DCPMU and DCPU) were recovered in greater amounts in the bare 12 soil leachates (7.6 and 1.0% of the initial amount of parent molecules, respectively) than in 13 those of the buffer zone (0.2 and 0.1%). This result might be explained by the faster 14 degradation of diuron in the bare soil (chemically-weeded) by a microbial population adapted 15 to the herbicide due to repeated agricultural diuron treatments on the vineyard plot as seen by 16 Rouchaud et al. (2000) . Similar results were found by Belden and Coats (2004) with atrazine 17 where more deethyl-atrazine was recovered in leachates of non-vegetated soils than the 18 leachates of vegetated soil. Our hypothesis of enhanced biodegradation in the bare soil could 19 not be verified for tebuconazole and procymidone because metabolites were not monitored; 20 nevertheless, Potter et al. (2005) showed that repeated application of tebuconazole increases 21 its dissipation rate in soil. 22
Of the total amounts of pesticide leached in the three simulations ( (Tables 3, 5 ). This may be due to the facilitated 4 transport of procymidone bound to dissolved organic matter as suggested by Gonzales-Pradas 5 et al. (2002) . 6
After the second and third runoff events (14 and 28 days after the first inflow event) 7 when only water was applied to the soils, low to significant amounts of pesticides were 8 released to the soil solution (11.3-50.4% of the total leached amounts, or, 1.5 to 26.4% of the 9 applied pesticide). These values are of the same order of magnitude as those reported by 10
Belden and Coats (2004) who recovered from 10 to 20% of the applied atrazine or 11 metolachlor in soil leachates. The buffer zone soil released less pesticide to the soil solution 12 (0.9 to 12% of the applied amounts) than the bare soil (1.5 to 26.4%) (Table 5) formation of non-extractable residues in the grassed strip soil compared to a cultivated soil. 17
Furthermore, diuron was detected in greater amounts (4.4 to 11.5% of applied) than 18 tebuconazole (0.9 to 1.5%) in the leachates, also in agreement with their respective sorption 19 coefficients (Table 3) and with their relatively similar half-life (Table 1) . Again, procymidone 20 was released in greater amounts (12.0 to 26.4%) than either diuron or tebuconazole (Table 5) , 21 which may be explained by its very high persistence, particularly in acidic soils (Footprint, 22 2007 (Footprint, 22 -2008 , and suspected facilitated transport with dissolved organic matter. 23
25
Water infiltration and bromide elution under outdoor conditions 1 2
Water flow was relatively homogeneous between the soil treatment replicates. However, 3 the eluted water flow rates were higher in both the bare (47.6 ± 19.8 mm h -1 ) and buffer zone 4 (66.4 ± 3.0 mm h -1 ) soils than the grass-covered inter-row soil (7.7 ± 3.0 mm h -1 ). The lower 5 flow rate could be due to water ponding on the soil surface of the all grass-covered inter-row 6 soil columns. Consequently 3 hours after percolation began, bromide was recovered in greater 7 amounts in the leachates of the bare (55.4 ± 5.8%) and the buffer zone (45.5 ± 26.6%) soils 8 than in the leachates of the vegetated soil (6.6 ± 7.4%). This result may be related to greater 9 porosity in the buffer zone (0.46 cm 3 cm -3 ) and the bare (0.37 cm 3 cm -3 ) soils relative to that 10 of the tractor compacted grass-covered inter-row soil (0.28 cm 3 cm -3 ). Then the reduced 11 infiltration through the grass-covered inter-row could be a limitation to potential benefits of 12 this management practice, in particular in case of initially compacted soil. Nevertheless, as 13 with the experiments conducted under laboratory conditions, bromide was eluted in greater 14 amounts in the percolates of the bare soils (81.2 ± 19.6%) and the grass cover soils (83.3 ± 15 12.4%) than in those of the buffer zone soils (63.4 ± 3.3 %) at the end of all the three runoff 16 events (Table 6) Author-produced version of the article published in Environmental Pollution, n° 158, p. 2446-2453. The original publication is available at http://www.sciencedirect.com/ doi: 10.1016/j.envpol.2010.03.028
Pesticides elution under outdoor conditions 1 2
The amounts of the three pesticides leached through the soils after applying simulated 3 runoff were in the same order of magnitude under both laboratory and outdoor conditions 4 (Table 6 ). Under outdoor conditions, the pesticides were recovered in greater amounts in 5 percolates of the bare soil (from 12.9 to 45.4 %) than in those of the buffer zone (from 2.7 to 6 11.9%) and grass-covered inter-row (from 4.4 to 11.0%) soils (Table 6 ). The results obtained 7 for the bare and the buffer zone soils corresponded to the same value than those measured 8 under laboratory conditions which means the outdoor environmental conditions (temperature, 9 rainfall, and solar radiation) did not induce a significant differentiation of the pesticide release 10 after the 28 days of the experiment for each modality. This could be explained by the scarce 11 rainfall measured during the monitoring period, and permitted to compare all the soil cover 12 modalities under laboratory or outdoor conditions. It appeared that leaching of pesticides 13 through grass-covered inter-row soil was similar to that through the buffer zone soil. The 14 difference between the bare soil and the buffer zone and grass-covered inter-row soils might 15 be explained by both the greater amount of bromide eluted and the lower sorption coefficient 16 of the three pesticides on the bare soil relative to the two other soils. Although the amounts of 17 the three pesticides leached through the buffer zone and the grass-covered inter-row soils 18 were relatively similar, more bromide eluted through the grass covered soil (83.3% compared 19 to 63.4% for the buffer zone) and lower quantities of the pesticides adsorbed to the grass 20
However, one must remember that the water flow rates were far lower (eight times) in the 22 grass-covered inter-row soil columns than the buffer zone soil columns. One hypothesis is 23 that the longer contact times between the pesticides and soil in the grass-covered inter-row 24 columns (due to ponding conditions) favours sorption, as it has been observed for the sorption 25 of four pesticides on an organic substrate in an experimental flume (Boutron et al. 2009) . A 1 lower water flow also decreases the degree of non-equilibrium sorption (Pot et al., 2005) . As 2 in the experiment conducted under laboratory conditions, procymidone (from 10.2 to 45.4%) 3 was eluted in higher amounts than diuron (from 8.9 to 27.8%) and tebuconazole (from 2.7 to 4 12.9%) through the three soils. Again, these results might be explained by the higher sorption 5 coefficients of tebuconazole (K (Table 3 ) and possible facilitated transport 7 of procymidone by dissolved organic matter as previously suggested by Gonzales-Pradas et 8 al. (2002) . 9
As with the experiment conducted under laboratory conditions, significant quantities of 10 the three pesticides were released to the soil solutions after the second and third runoff events 11 (from 23.7 to 69.0% of the total leached amounts). The buffer zone and grass-covered inter-12 row soils released less pesticide to the soil solution (from 1.9 to 3.8% and from 3.1 to 5.6% of 13 the applied amounts, respectively) than the bare soil (7.2 to 15.0%) (Table 7) (Table 7) . In 16 addition, these results could be explained by a long-term non-equilibrium sorption. 17
Furthermore, the formation of non-extractable residues could be greater in the buffer zone and 18 the grass-covered soils than in the bare soil. As in the laboratory experiment, and probably for 19 the same reasons previously given, procymidone was released in greater amounts (3.8 to 20
15.0%) than tebuconazole (1.9 to 7.6%) and diuron (3.4 to 7.2%) ( Table 7) . 21 Boivin et al. (2007) also found that more diuron (34%) than tebuconazole (31%) leached 22 through the buffer zone at the St Joseph experimental site. Although their values are far 23 higher than ours (8.5% for diuron and 0.8% for tebuconazole), the uncertainty associated with 24 their results must be considered. Indeed, they estimated the amounts of pesticides leached 25 through the buffer strip from the measured water volumes and pesticide concentrations 1 reaching the four lysimeters, which only collected 1 m 2 (4%) of the buffer surface, and 2 extrapolated the results to the whole surface. 3 4
Conclusions 5 6
Results on pesticide transfer through the undisturbed soil columns according to the 7 different soil cover modalities (bare soil or buffer zone) were in good agreement whatever 8 they were obtained under laboratory or outdoor conditions which could be explained by the 9 low rainfall amount during the outdoor experiment; considering all the soil cover modalities 10 (bare soil or buffer zone and grass inter-rows), it systematically appears that more diuron than 11 tebuconazole was recovered in the leachates, in agreement with their sorption coefficients. 12
However, more procymidone than diuron was recovered in the leachates, despite their similar 13 sorption coefficients. This may be due to the facilitated transport of procymidone by dissolved 14 organic matter. All three pesticides used in this study were eluted in lower amounts through 15 the grass-covered soils (buffer zone and inter-rows) than through the bare soil, in relation with 16 their sorption coefficients, which were from 2 to 4 times higher in the grass-cover soils 17 (buffer zone and inter rows) than in the bare soil. Thus it appears that grass-covered soils 18 (buffer zone and inter-rows) reduce the amounts of pesticide leached; consequently, buffer 19 zones decrease the risk of surface water contamination without increasing the risk of 20 groundwater contamination by pesticides. Nevertheless, the reduction of the water infiltration 21 capacity in the wheeled compacted grass-covered inter-row may limit its effectiveness in 22 pesticide surface transfer reduction by increasing runoff. Consequently, it is not enough to 23 establish a grass cover in the inter-row, one also has to check its good infiltration capacity 24 especially avoiding soil compaction by tractors. However, significant quantities of pesticides 25 
Bare Vineyard soil (or chemically treated) (sand) 0-2.5 4.5 ± 1.8 85.2 ± 6.6 9.5 ± 4.1 5.3 ± 2.5 0.8 ± 0.2 5.3 ± 0.3 4.1 ± 1.2 2.5-5 4.1 ± 0.7 79.2 ± 6.9 13.2 ± 4.3 7.7 ± 2.6 0.8 ± 0.2 5.0 ± 0.2 5.1 ± 1.9
5-10 9.0 ± 1.4 75.8 ± 3.5 15.2 ± 2.1 9.0 ± 1.5 0.8 ± 0.1 4.7 ± 0.4 6.2 ± 0.9 10-15 8.2 ± 1.4 74.5 ± 2.1 15.8 ± 1.3 9.7 ± 1.0 0.7 ± 0.1 4.8 ± 0.7 6.0 ± 1.4
15-20 4.6 ± 3.2 76.1 ± 4.4 14.6± 2.8 9.2 ± 1.7 0.7 ± 0.2 4.6 ± 0.4 6.5 ± 1.3
Buffer zone (loamy sand) 0-2.5 1.3 ± 0.7 63.5 ± 10.2 20.4 ± 5.6 14.5 ± 4.0 4.0 ± 2.1 5.7 ± 0.3 10.0 ± 1.3 2.5-5 2.6 ± 1.0 63.2 ± 4.0 21.7 ± 2.9 14.8 ± 1.7 3.5 ± 1.1 5.5 ± 0.4 11.5 ± 2.5 5-10 5.5 ± 4.1 68.1 ± 6.8 18.1 ± 3.1 12.2 ± 1.6 2.2 ± 0.5 5.2 ± 0.1 15.6 ± 8.8
10-15 9.5 ± 1.2 69.9 ± 3.5 18.6 ± 2.3 11.6 ± 1.5 1.4 ± 0.4 5.2 ± 0.3 10.3 ± 4.6 15-20 5.3 ± 4.8 70.9 ± 8.8 17.7 ± 5.9 11.4 ± 2.9 1.3 ± 0.3 5.2 ± 0.1 8.8 ± 1.3
Grass-covered inter-row soil (loamy sand) 0-2.5 4.0 ± 1.2 78.1 ± 1.6 14.9 ± 1.9 7.0 ± 1.3 3.9 ± 0.4 5.7 ± 0.3 8.3 ± 1.5 2.5-5 7.1 ± 1.0 78.3 ± 1.3 14.5 ± 0.9 7.2 ± 0.5 1.5 ± 0.4 5.7 ± 0.2 5.3 ± 0.2 5-10 18.8 ± 2.3 74.9 ± 2.8 17.0 ± 1.8 8.2 ± 1.1 0.9 ± 0.1 5.9 ± 0.1 4.5 ± 0.8 10-15 14.6 ± 7.4 71.4 ± 0.6 17.5 ± 1.6 11.1 ± 0.9 1.0 ± 0.8 5.6 ± 0.3 5.1± 2.7
15-20 14.2 ± 4.9 71.8 ± 2.1 18.2 ± 1.6 9.9 ± 0.7 0.6 ± 0.1 5.8 ± 0.1 3.7 ± 0.7 4
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